ABSTRACT Recombination has an impact on genome evolution by maintaining chromosomal integrity, affecting the efficacy of selection, and increasing genetic variability in populations. Recombination rates are a key determinant of the coevolutionary dynamics between hosts and their pathogens. Historic recombination events created devastating new pathogens, but the impact of ongoing recombination in sexual pathogens is poorly understood. Many fungal pathogens of plants undergo regular sexual cycles, and sex is considered to be a major factor contributing to virulence. We generated a recombination map at kilobase-scale resolution for the haploid plant pathogenic fungus Zymoseptoria tritici. To account for intraspecific variation in recombination rates, we constructed genetic maps from two independent crosses. We localized a total of 10,287 crossover events in 441 progeny and found that recombination rates were highly heterogeneous within and among chromosomes. Recombination rates on large chromosomes were inversely correlated with chromosome length. Short accessory chromosomes often lacked evidence for crossovers between parental chromosomes. Recombination was concentrated in narrow hotspots that were preferentially located close to telomeres. Hotspots were only partially conserved between the two crosses, suggesting that hotspots are short-lived and may vary according to genomic background. Genes located in hotspot regions were enriched in genes encoding secreted proteins. Population resequencing showed that chromosomal regions with high recombination rates were strongly correlated with regions of low linkage disequilibrium. Hence, genes in pathogen recombination hotspots are likely to evolve faster in natural populations and may represent a greater threat to the host.
R
ECOMBINATION is a fundamental process that shapes the evolution of genomes. Crossover between homologous chromosomes ensures proper segregation during meiosis (Mather 1938; Baker et al. 1976; Hassold and Hunt 2001) , and the integrity of chromosomal structure over evolutionary time is affected by the frequency of recombination. Sex chromosomes in plants and animals and mating-type regions of fungi experience degeneration, including significant gene loss and sequence rearrangements, after cessation of recombination between homologs (Bull 1983; Charlesworth and Charlesworth 2000; Brown et al. 2005; Menkis et al. 2008; Wilson and Makova 2009) . Recombination breaks up linkage between alleles of different loci and creates novel haplotypes and phenotypic diversity. Through this process, recombination promotes adaptation because selection acting across multiple loci becomes more efficient as the linkage between loci decreases (Hill and Robertson 1966; Otto and Barton 1997; Otto and Lenormand 2002) .
Recombination also plays a major role in the coevolutionary dynamics of hosts and their pathogens. A major driver to maintain sexual reproduction in hosts was proposed to be the constant selection to evade disease caused by pathogens (Hamilton 1980; Lively 2010; Morran et al. 2011) . However, pathogens are also under strong selection to overcome newly evolved host resistance mechanisms. Recombination in pathogens plays a central role in disease outbreaks caused by viruses, bacteria, and eukaryotic microorganisms. Epidemic influenza is driven by annual recurring outbreaks of recombined viral strains (Nelson and Holmes 2007) . The highly virulent lineage of Salmonella enterica, which causes typhoid fever (Didelot et al. 2007; Holt et al. 2008) , emerged from recombination with the related paratyphi A lineage. Recombination between ancestral lineages of Toxoplasma created hypervirulent clones of the protozoan human pathogen T. gondii (Grigg et al. 2001) , and ongoing outcrossing and clonal expansion contribute to extant Toxoplasma outbreaks (Wendte et al. 2010) . Some of the most threatening fungal pathogen lineages were generated by historic recombination events between lineages. Reshuffling between different genotypes may have contributed to the emergence of the hypervirulent human pathogen Cryptococcus gattii in the Pacific Northwest (Fraser et al. 2005; Byrnes et al. 2011) , where same-sex mating was suggested to have enabled the creation of a recombinant hypervirulent genotype (Fraser et al. 2005) . The chytrid fungus Batrachochytrium dendrobatidis is causing a global epidemic in a wide range of amphibians (Fisher et al. 2009 ). The pathogen is comprised of a complex set of lineages. However, the outbreak is overwhelmingly caused by a single hypervirulent lineage that was created by hybridization and subsequent recombination of two distinct allopatric Batrachochytrium lineages (Rosenblum et al. 2008; Farrer et al. 2011) .
In contrast to the evidence that historic recombination events led to the creation of novel fungal pathogens, the impact of frequent recombination on genome evolution in extant sexual pathogens is poorly understood (Awadalla 2003) . Because the extent of recombination correlates with the evolutionary potential of a population, the occurrence of sexual reproduction was suggested to be a predictor of a pathogen's capacity to overcome host resistance mechanisms (McDonald and Linde 2002; Stukenbrock and McDonald 2008) . Pathogenic fungi of plants span a broad range of lifestyles from asexual to mainly sexual or mixed reproduction and can include multiple sexual cycles per year (McDonald and Linde 2002) . Hence, these fungi are ideal models to study the impact of recombination on pathogen evolution. Loci contributing to virulence in pathogens undergo rapid allele frequency changes in response to changes in host populations (Barrett et al. 2009; Thrall et al. 2012) , and fungal pathogenicity is often found to be encoded by a large number of virulence loci distributed throughout the genome (Karasov et al. 2014) . Recombination enables the emergence of pathogen strains that carry novel combinations of virulence alleles that may increase virulence in specific hosts.
A key determinant of the speed of adaptation of a pathogenic organism may be intragenomic variation in recombination rates that locally increase the efficacy of selection. Strong signatures of selection at linked sites were found in nematodes and humans, but evidence for such signatures was weak or absent in plants and the yeast Saccharomyces cerevisiae (Cutter and Payseur 2013) . Nevertheless, recombination rates in a genome can vary dramatically. In some model organisms, most crossovers occurring during meiosis are focused in narrow chromosomal regions termed recombination hotspots (Kong et al. 2002; Jensen-Seaman et al. 2004; Myers et al. 2005; Arnheim et al. 2007) . Hotspots can have a profound effect on the recombination landscape of a genome. In the human genome, hotspots with a mean width of 2.3 kb accounted for 70-80% of all recombination events (1000 Genomes Project Consortium et al. 2010) . Hotspots were preferentially located near telomeres in humans, plants, and the yeast S. cerevisiae (Drouaud 2005; Myers et al. 2005; Tsai et al. 2010) . Recombination hotspots are thought to be inherently unstable because of a "hotspot drive" mechanism that continuously replaces alleles favoring higher recombination rates (Webster and Hurst 2012) . Genomic signatures of elevated recombination rates comprised increased GC content, likely resulting from the preferential incorporation of C and G during the mismatch repair process initiated by the pairing of homologous sequences (Duret and Galtier 2009) .
We aimed to identify recombination rate heterogeneity and its impact on the genome of a pathogenic fungus. Zymoseptoria tritici is a globally occurring pathogen of wheat that causes severe yield losses (O'Driscoll et al. 2014) . The fungus undergoes sexual reproduction at least once per wheat-growing season (Kema et al. 1996; Cowger et al. 2002 Cowger et al. , 2008 . Recombination between isolates was suggested to facilitate the evolution of virulence on previously resistant wheat varieties (Zhan et al. 2007) . The genetic basis of virulence was shown to have a strong quantitative component (Zhan et al. 2005) . Z. tritici populations undergo rapid allele frequency shifts in response to the application of fungicides (Torriani et al. 2009 ). The genome is haploid and was assembled into 21 complete chromosomes including telomeres (Goodwin et al. 2011) . Eight chromosomes were termed accessory because they were not present in all isolates. Meiosis frequently contributed to the loss, fusion, or rearrangement of these accessory chromosomes (Wittenberg et al. 2009; Croll et al. 2013) .
We generated a high-density SNP-based recombination map of two large progeny populations of Z. tritici. First, we used the map to precisely locate recombination hotspots, identified correlations with genome characteristics, and tested whether hotspots were conserved between crosses. We then compared recombination rates between the small accessory and large core chromosomes in Z. tritici to determine whether recombination differently affects the two chromosomal classes. Next, we investigated whether hotspots were enriched in specific sequence motifs and whether hotspots were more likely to contain specific functional categories of genes. Finally, we tested whether recombination hotspots identified in the mapping populations predicted local breakdowns in linkage disequilibrium in a resequenced natural pathogen population.
Materials and Methods

Establishment of controlled sexual crosses
We performed two sexual crosses between four different Z. tritici isolates collected from two wheat fields separated by 10 km in Switzerland. All isolates were previously characterized phenotypically and genetically (Zhan et al. 2005; Croll et al. 2013) . The two crosses were performed between the isolates ST99CH1A5 and ST99CH1E4 (abbreviated 1A5 and 1E4) and ST99CH3D1 and ST99CH3D7 (abbreviated 3D1 and 3D7), respectively. The parental isolates were used to co-infect wheat leaves according to a protocol established for Z. tritici (Kema et al. 1996) . Shooting ascospores were collected, grown in vitro, and genotyped by microsatellite markers to confirm that progeny genotypes were recombinants of the parental genotypes.
SNP genotyping based on restriction site-associated DNA sequencing (RAD-seq)
We chose a high-throughput genotyping method originally developed for animal and plant population genomics (Baird et al. 2008) . We adapted the RAD-seq protocol (Etter et al. 2011) for Z. tritici by using PstI for the digestion of 1.3 mg of genomic DNA per progeny. After DNA digestion, shearing, and adapter ligation, we performed 100-bp Illumina pairedend sequencing on pooled samples. Progeny were identified by combining 24 distinct inline barcodes located in the P 1 adapter and 6 index sequences in the P 2 adapter.
Illumina data analysis and reference alignment
Raw Illumina reads were quality trimmed with Trimmomatic v. 0.30 (Bolger et al. 2014 ) and split into unique sets for each progeny with the FASTX Toolkit v. 0.0.13 (http://hannonlab. cshl.edu/fastx_toolkit/). We used the short-read aligner Bowtie v. 2.1.0 (Langmead and Salzberg 2012) to align the read set of each progeny to the reference genome IPO323 [assembly version MG2, September 2008 (Goodwin et al. 2011 . We used the default settings for a sensitive end-to-end alignment (-D 15; -R 2; -L 22; -i S,1,1.15). The whole genomes of all four parental isolates were previously resequenced (Torriani et al. 2011) and are available under the National Center for Biotechnology Information (NCBI) SRA accession numbers SRS383146 (3D1), SRS383147 (3D7), SRS383142 (1A5), and SRS383143 (1E4). We used identical trimming and assembly parameters to align the whole-genome sequencing data set to the reference genome IPO323. All Illumina sequence data generated for progeny resequencing are available under NCBI BioProject accession numbers PRJNA256988 (cross 3D1 3 3D7) and PRJNA256991 (cross 1A5 3 1E4).
Variant calling and filtration
SNPs were identified based on the Genome Analysis Toolkit (GATK) v. 2.6-4-g3e5ff60 (DePristo et al. 2011) . SNPs were called separately for each cross with the GATK UnifiedGenotyper. Each UnifiedGenotyper run combined all progeny and their two respective parents. For UnifiedGenotyper runs, we set the sample-level ploidy to 1 (haploid) and permitted a maximum of two alternative alleles compared to the reference genome. The genotype likelihood model was set to the SNP general ploidy model.
We used the GATK filtering and variant selection tools to remove spurious SNP calls from the data set. We set the following requirements for a SNP to pass the filtering: overall quality score (QUAL $ 100), mapping quality (MQ $ 30), haplotype score (HaplotypeScore # 13), quality by depth (QD $ 5), read position rank-sum test (ReadPosRankSumTest $ 28), and Fisher's exact test for strand bias (FS # 40). After a joint SNP locus filtering, we filtered genotypes for each parental isolate and progeny at each retained locus. We required that each included isolate have a minimum mean genotyping depth of five high-quality reads. We retained individual genotypes if the Phred-scaled genotype quality (GQ) assigned by the GATK UnifiedGenotyper was at least 30.
Genetic map construction and quality assessment
We constructed a genotype matrix containing all progeny that were genotyped at a minimum of 90% of all SNPs. Subsequently, we removed all SNP markers that were genotyped in fewer than 90% of the progeny. We assessed the clonal fraction among the progeny in the offspring populations using the r/qtl package in R (Arends et al. 2010) . If two progeny were identical at 90% or more of the SNPs, we randomly excluded one of the two likely clones. We inspected the quality of the progeny genotype set for problematic double crossovers at very closely spaced markers. For this, we calculated error LOD scores (Lincoln and Lander 1992) as implemented in the r/qtl package. The error LOD score compares likelihoods for a correct genotype vs. an erroneous genotype based on pairwise linkage. We excluded genotypes exceeding an error LOD score of 2 from the data set. We filtered the progeny genotype data for random genotyping errors. We required that any double-crossover event in a progeny must be spanned by at least three consecutive SNPs. Furthermore, any double-crossover event had to span at least 500 bp. These filtering steps ruled out the erroneous production of doublecrossover events by a single stack (i.e., restriction site) of RAD sequencing reads. In addition, we visually inspected the genotype grid for potential erroneous read mapping or translocation events indicated by switched genotypes in all progeny of a cross. We identified three potential erroneous locations in the cross of 3D1 3 3D7, with each spanning a maximum physical distance of 650 bp. In the 1A5 3 1E4 cross, we found three potential erroneous locations with SNP loci spanning a maximum of 50 bp for each region. SNP loci within an erroneous mapping location were excluded from further analysis.
In summary, we retained 23,563 SNPs in 227 progeny of the cross between parental isolates 3D1 and 3D7. We analyzed 214 progeny at 23,284 SNP markers for the cross between parental isolates 1A5 and 1E4. The SNP marker density was 0.6 SNP/kb. The genotyping rate averaged 96.5% (chromosomal averages 93.7-97.3%) for the cross 3D1 3 3D7 and 95.0% (chromosomal averages 90.9-98.3%) for the cross 1A5 3 1E4 (Table 1) . SNP markers covered the entire length of all core chromosomes with the exception of telomeric regions. Marker densities were similarly distributed along chromosomes in both crosses.
We calculated recombination fractions among all pairs of retained markers using the r/qtl package. We set the maximum of iterations to 10,000 and the tolerance for recombination fraction estimates to 0.0001. Using identical settings, we calculated genetic distances for marker pairs on each chromosome.
Genetic map reconstruction of chromosome 13
Based on pairwise recombination fractions, we identified one problematic region located on chromosome 13 (Supporting Information, Figure S1 ). In both crosses, the pattern of recombination fractions suggested that the parental isolates differed from the reference genome used for read mapping. To generate the correct marker order on chromosome 13, we produced the genetic map using r/rqtl. We used 10,000 iterations and a tolerance of 0.0001 for centimorgan estimates between markers. The recalculated marker order showed that the problematic region contains a large, weakly recombining region ( Figure S1 ). Because the marker order in weakly recombining regions is difficult to confirm with a high degree of confidence, we excluded chromosome 13 from analyses requiring exact physical locations of markers.
Correlations of recombination rates and genome characteristics
We downloaded the reference genome IPO323 [assembly version MG2, September 2008 (Goodwin et al. 2011 from http://genome.jgi-psf.org/Mycgr3/Mycgr3.home.html (accessed March 2014). Gene annotations of Z. tritici related to the RefSeq Assembly ID GCF_000219625.1 were accessed in January 2014. SignalP annotations for gene models of IPO323 were retrieved from http://genome.jgi-psf.org/ Mycgr3/Mycgr3.home.html (accessed March 2014). Enrichment for SignalP secretion signals (probability . 0.9) was tested using a hypergeometric test in R.
Motif search in recombination hotspots
We searched recombination hotspots for enriched sequence motifs with HOMER v 4.3 (Heinz et al. 2010) . For this, we divided the chromosome sequences into nonoverlapping 10-kb segments. For each cross, we identified segments showing at least 10 crossover events. We used the HOMER findMotifsGenome module to identify enriched oligonucleotides in the hotspot segments compared to the genomic background divided into equally long segments of 10 kb. We used GC-content autonormalization to correct for bias in sequence composition. The motif length search was restricted to 8, 10, and 12 bp. The top-scoring motif then was used to detect chromosomal regions containing the motif using the annotatePeaks tool included in HOMER.
Population genomic analyses of linkage disequilibrium
We analyzed Illumina whole-genome sequence data from all 4 parental isolates and 21 additional isolates (data available under NCBI BioProject accession number PRJNA178194) from the same Swiss population (Torriani et al. 2011) . We used identical reference genome alignment and SNP quality filtering procedures as described earlier for the RAD-seq analyses. To correlate recombination rates and linkage disequilibria, we retained SNP positions for the population data set if these positions were included in the genetic map construction. Adjacent SNP marker pairs were omitted if markers were separated by fewer than 500 bp. All linkage disequilibria calculations were made with VCFtools v. 0.1.12a (Danecek et al. 2011) .
Data availability
NCBI BioSample accession numbers for parental strains are SRS383146, SRS383147, SRS383142, and SRS383143. Progeny sequence data are deposited under NCBI BioProject accession numbers PRJNA256988 (cross ST99CH3D1xST99CH3D7) and PRJNA256991 (cross ST99CH1A5xST99CH1E4).
Results
High-throughput progeny genotyping and crossover detection
Four parental isolates (3D1, 3D7, 1A5, and 1E4) collected from Swiss wheat fields in 1999 were used to construct two independent genetic maps. Progeny were genotyped based on RAD-seq (Etter et al. 2011) , which consists of Illumina sequencing of DNA fragments immediately adjacent to a defined restriction site in the genome (generated by PstI in this study). Illumina reads obtained from each progeny were aligned to the reference genome of Z. tritici for SNP genotyping and filtering. The reference genome IPO323 is completely assembled, including telomeres and centromeres (Goodwin et al. 2011) . Whole-genome resequencing data The average genotyping rate of the SNP markers is shown as an average per chromosome and cross. Chromosomes 1-13 are core chromosomes found in all strains of the species; chromosomes 14-21 are accessory.
from the parental isolates (Torriani et al. 2011 ) was used to validate segregating SNPs among progeny. Recombination between homologs can result in either a crossover or a noncrossover. Crossovers result in the exchange of alleles over long chromosomal intervals. Noncrossovers lead to short intervals of unidirectional transfer among homologs (i.e., gene conversion). Distinguishing between noncrossover and crossover events is important because only the latter increase genetic diversity and break up haplotypes. In the model fungus S. cerevisiae, tracts of gene conversions resulting from noncrossover span a median of 1.8 kb and a maximum observed tract length of 40.8 kb (Mancera et al. 2008) . Hence, we investigated the interval length between recombination events for all progeny and chromosomes. We observed a bimodal distribution of recombination event interval lengths (Figure 1) . In both crosses, we found two modes corresponding to recombination event interval distances of 3-4 and 1000 kb, respectively.
Genetic map construction and recombination rate variation among chromosomes
To conservatively estimate genetic map lengths based on crossover events, we required a minimum distance of 50 kb between recombination events. Genetic maps were constructed using the marker order known from physical positions of the SNP markers based on the reference genome sequence. The consistency of the physical and genetic marker distances and marker order was evaluated. A single problematic region was found on chromosome 13, so this chromosome was excluded from analyses requiring physical positions on the chromosome (see Materials and Methods and Figure S1 ).
The total genetic map constructed for the cross 3D1 3 3D7 was based on 227 progeny and spanned 2723.6 cM. For the cross 1A5 3 1E4, the total map was based on 214 progeny and was slightly smaller (2158.9 cM). The number of genotyped SNP markers greatly exceeded (by 12-15 times) the number of genetic map positions (the minimal set of markers separated by at least one crossover). This shows that the SNP markers largely saturate the number of genetic map positions in the two crosses (Table 1, Table 2 , and Figure 2 ). Recombination rates were inversely related to the length of the chromosome (Figure 2 ).
The two crosses contained different sets of accessory chromosomes (i.e., chromosomes not present in all isolates of the species). In the cross 3D1 3 3D7, both parents carried a copy of accessory chromosomes 16, 17, 19, and 20. In the cross 1A5 3 1E4, accessory chromosomes 14-16 and 18-21 were present in both parents. Accessory chromosome 17 in the cross 1A5 3 1E4 was found to undergo spontaneous chromosomal fusion ), but no other chromosomal rearrangements were documented in the two crosses. Accessory chromosomes are significantly shorter than core chromosomes, and this is reflected in genetic map lengths. Chromosomes 14 (33.2 cM), 18 (22.1 cM), and 21 (16.5 cM) showed the shortest genetic maps (Table 2 and Figure 2 ). Chromosomes 18 and 21 also were found to have the lowest recombination rates of any chromosome (38.5 and 40.4 cM/Mb).
Infrequent crossovers on some accessory chromosomes
We assessed the minimal number of crossover events that generated each progeny genotype. Average crossover counts decreased as expected with chromosome length ( Figure S2 and Table 3 ). Crossover counts for a given core chromosome followed a Poisson-like distribution, and for each core chromosome we identified progeny with zero crossovers. We found that accessory chromosomes 16, 17, 19, and 20 of the cross 3D1 3 3D7 had crossover counts of 0.45-0.54 per progeny. Average crossover counts were lower in the cross 1A5 3 1E4. The lowest average crossover counts were 0.15 and 0.2 for chromosomes 21 and 18, respectively. The low crossover counts per accessory chromosome resulted in a large proportion of progeny that did not show a single crossover event ( Figure S2 ). Most crossover events on accessory chromosomes occurred in narrow segments of the chromosome, as shown by large linked chromosomal segments among progeny ( Figure S3 ). Chromosome 14 was found to recombine only in two narrow subtelomeric chromosomal sections. Figure 1 Physical distance between all detected recombination events per progeny summarized for each of the two analyzed crosses (3D1 3 3D7 and 1A5 3 1E4). A short distance between recombination events in a progeny may indicate a potential noncrossover. In this case, the two recombination events would be boundaries of a gene conversion tract. To conservatively identify true crossovers, a minimum distance of 50 kb was required for a recombination event to be considered a crossover (shaded in black) instead of a putative noncrossover event (shaded in gray). All analyses of recombination rates and hotspots are based on recombination events at least 50 kb from the nearest neighboring recombination event.
Recombination rate heterogeneity on chromosomes To identify variation in recombination rates, we estimated recombination rates in nonoverlapping 20-kb segments along chromosomes. Recombination rates in these segments were highly heterogeneous and varied between 0 and 1135 cM/Mb (Figure 3) .
Central tracts of the chromosomes that were devoid of any recombination signal may indicate centromere locations. Recombination rates estimated per 20-kb segments were significantly correlated between the two crosses (Pearson's product moment correlation coefficient r = 0.61, P , 2.2 3 10 216 ). We tested whether recombination rate heterogeneity along chromosomes was significantly different from expected for a random distribution of crossovers. For this, we tested whether the observed crossover counts per chromosomal segment deviated significantly from a predicted random distribution of crossovers. We found that crossovers were nonrandomly distributed in both crosses and at two different chromosomal scales (counting crossovers in 10-and 200-kb segments) (detailed statistics are reported in Figure S4 ). In addition, we found that crossovers were nonrandomly distributed on all core chromosomes when analyzed individually. On accessory chromosomes for which statistical analyses could be performed, crossovers were also nonrandomly distributed (see Table S1 for details on the statistical tests).
To identify systematic variations in recombination rates depending on chromosomal position, we summarized recombination rates on core chromosomes according to the relative distance to the closest telomere (Figure 4 ). Visual trends suggest that median recombination rates were highest in subtelomeric regions of chromosomes in both crosses (5-15% distance to the telomere). The lowest median recombination rates were found closest to the telomeres (within 5% distance). However, individual core chromosomes differed significantly for the distribution of recombination rates in relation to telomere distance ( Figure S5 ).
Localization of recombination hotspots
We aimed to identify narrow sequence tracts with the highest rates of exchange. For this, we counted the observed number of crossover events in nonoverlapping 10-kb sequence segments in both crosses. The average recombination rates per segment were 1.1 and 1.46 crossover events in the crosses 1A5 3 1E4 and 3D1 3 3D7, respectively. In the cross 1A5 3 1E4, we found that 76 segments showed 10 or more crossovers, representing 1.9% of the genome but 27.8% of all crossovers (Table S2) . Similarly, in the cross 3D1 3 3D7, 130 hotspot segments were found, representing 3.3% of the genome and 38.2% of all crossovers (Table S3 ). The probability of observing 10 or more crossovers by chance was P , 4.3 3 10 27 (Poisson distribution with l = 1.1 and 1.46, respectively, for 1A5 3 1E4 and 3D1 3 3D7). Hence, these hotspot segments represent highly unusual regions in the genome. The rate of exchange in the hotspots ranged from 4.4-17.6% of all progeny showing evidence of a crossover event. Hotspot locations were shared between the crosses 1A5 3 1E4 and 3D1 3 3D7 in 35 segments. The overlap between hotspots corresponds to For each chromosome, the physical length (kb), genetic map length (cM), and number of genetic map positions (minimal number of markers separated by at least one crossover) are shown for each chromosomal map. The recombination rate per chromosome is indicated in cM/Mb.
46.1% of all hotspots identified in 1A5 3 1E4 and 26.9% of all hotspots identified in 3D1 3 3D7.
Association of recombination hotspots with genome characteristics
The Z. tritici genome is gene dense (31.5% coding sequences) and GC rich (51.7%). Chromosomal sequences contain long sections of high GC content interspersed with short sections of low GC content and low gene density (Goodwin et al. 2011) . To test for genome characteristics associated with the presence of hotspots, we divided the entire genome into nonoverlapping 10-kb sequence segments and assessed differences between 10-kb sequences identified as hotspots (see earlier) vs. all other 10-kb segments. GC content was slightly but significantly higher in hotspots vs. the genomic background (53.6 vs. 52.2%, Student's t-test, t = 3.42 and 5.17 and P = 0.0009 and 6.2 3 10 27 for the crosses 1A5 3 1E4 and 3D1 3 3D7, respectively). Coding sequence densities were not significantly different between the hotspots and the genomic background (Student's t-test, P = 0.8) ( Figure 5A ). However, hotspot segments were significantly more polymorphic between parental genomes than in the genomic background. The mean SNP densities were 1.37 and 1.60% for the crosses 1A5 3 1E4 and 3D1 3 3D7, respectively, vs. the genomic background diversity of 1.01% (Student's t-test, t = 4.50 and 5.45 and P = 1.41 3 10 25 and 6.27 3 10 27 for the crosses 1A5 3 1E4 and 3D1 3 3D7, respectively) ( Figure 5B ). Relationships between recombination rates and GC content, gene density, and polymorphism between parental genomes, respectively, are shown in Figure S6 , Figure S7 , and Figure S8 . Recombination hotspots are enriched with GC-rich sequence motifs
Recombination hotspots were found to be enriched in short sequence motifs in animals and protozoa (Arnheim et al. 2007; Myers et al. 2008; Jiang et al. 2011) . Evidence for motifs from fungi is species dependent. A simple sequence motif predicted recombination hotspots in the fission yeast Schizosaccharomyces pombe (Steiner and Smith 2005) , but no association was found for S. cerevisiae (Mancera et al. 2008) .
To identify potential motifs associated with recombination hotspots in Z. tritici, we analyzed 10-kb sequence segments showing 10 or more crossover events, as described earlier, using HOMER. We restricted the search to any possible 8-, 10-, and 12-bp motifs to avoid confounding effects of overlapping motifs. In the cross 3D1 3 3D7, the 10-bp (GGGGGGGATG) GC-rich motif was found in 53.9% of the hotspots compared to 22.4% of sequence segments not containing hotspots. After accounting for differences in GC content between hotspots and the genomic background, we found that hotspots were significantly enriched in this motif (P = 1 3 10 214 ) ( Figure 6 ). Similarly, three GC-rich motifs were found to be significantly enriched in hotspots of the cross 1A5 3 1E4. The most significant motif was 12 bp (GTTGGCTGGGGA) and was found in 21.1% of all hotspot sequences compared to 1.6% in the genomic background (P = 1 3 10 213 ) ( Figure 6 ).
Recombination hotspots are enriched in genes encoding secreted proteins
Genes located in recombination hotspots may be subject to both increased mutation rates and higher rates of reshuffling of allelic variants in the population. Hence, the mutagenic potential and higher rates of adaptive evolution of recombination hotspots may lead to an enrichment in fast-evolving gene categories near hotspots. As earlier, we defined recombination hotspots as 10-kb segments showing 10 or more crossover events. Protein secretion is an important component of virulence in plant pathogenic fungi. We tested whether recombination hotspots were more likely to contain genes encoding secreted proteins. We used the data set of predicted secretory signal peptides to test for enrichment in hotspots. We found that in the cross 3D7 3 3D1, hotspots were significantly enriched for genes encoding secreted proteins (hypergeometric test, P = 0.0076). In the cross 1A5 3 1E4, hotspots also were enriched in genes encoding secreted proteins (P = 0.021). We screened genes overlapping recombination hotspots for previously identified virulence candidate genes (Goodwin et al. 2011; Morais do Amaral et al. 2012; Brunner et al. 2013) . We identified several categories of genes underlying important components of virulence in plant pathogenic fungi. Three small secreted proteins were found in hotspots overlapping in both crosses (Table 4) . In cross 3D1 3 3D7 hotspots, we identified genes encoding cell wall degrading enzymes: the cutinase MgCUT4, the b-xylosidase MgXYL4, and an a-L-arabinofuranosidase.
Recombination rates are correlated with population linkage disequilibrium
The extent of linkage disequilibrium (LD) among markers is a defining characteristic of genetic variation in a population. High LD is indicative of partial selective sweeps or population substructure. Recombination rates are expected to influence the extent of LD in populations because high recombination rates may reduce LD among markers. We tested whether recombination rates were correlated with LD in a natural Z. tritici population. For this, we resequenced 25 isolates from the same field population (including the parental isolates in this study). All isolates were genotyped at the same marker positions that were used in the recombination rate analyses. We calculated both the LD in the population and the recombination rate between all adjacent markers that were separated by at least 500 bp. We found that the recombination rate was negatively correlated with LD in both crosses (Spearman's rank correlation, P , 2.2 3 10 216 and r = 20.213 and 20.184 for 3D1 3 3D7 and 1A5 3 1E4, respectively) ( Figure 7 ). Adjacent markers with the highest LD in the natural field population were among the markers with the lowest recombination rates in the crosses.
Discussion
We established a dense map of recombination rates in the genome of a fungal plant pathogen based on two independent Figure 3 Recombination landscape of the plant pathogenic fungus Z. tritici. Recombination rates were estimated in two crosses by calculating genetic map distances (in cM) for nonoverlapping segments of 20 kb along chromosomes. Variations in recombination rates are shown for the crosses 1A5 3 1E4 (blue) and 3D1 33D7 (red). Recombination rates on accessory chromosomes are shown only for chromosomes that were found in both parental isolates of a cross. Chromosome 13 contains a region for which recombination rate variations could not be accurately determined (see Materials and Methods).
crosses. The SNP marker density was 12-15 times greater than the number of unique marker positions in the genetic map; hence, crossover events could be precisely localized to narrow chromosomal tracts. Because genomic analyses of all four meiotic products are currently not feasible in Z. tritici, we used a conservative approach to avoid confounding effects resulting from noncrossover events. By requiring a minimum distance of 50 kb between recombination events in a progeny, a small number of double crossovers occurring in a narrow interval may have been missed. Recombination rates were highly heterogeneous and highest in subtelomeric recombination hotspots. The genetic maps produced for the two crosses were substantially larger than previously published maps for Z. tritici (2158.9-2723.6 vs. 1216-1946 cM) Wittenberg et al. 2009 ). The larger map lengths likely were due to denser marker coverage in subtelomeric regions and larger progeny populations. Furthermore, in contrast to this study, no recombination was previously detected on accessory chromosomes (Wittenberg et al. 2009 ). The new genetic map of Z. tritici also was substantially longer than the map of the model fungi Coprinus cinereus [948 cM (Stajich et al. 2010) ] and Neurospora crassa [1000 cM (Lambreghts et al. 2009)] . The genetic map of S. cerevisiae was estimated to be 4900 cM (Barton et al. 2008) . The genetic maps differed between the two analyzed crosses by 565 cM. The genetic distance between the parental genomes, number of analyzed progeny, number of genotyped markers, and genotyping rates differed only marginally between the two crosses. Hence, these parameters are unlikely to explain differences in estimated genetic map lengths. However, analyzing physical distances between recombination events showed that the cross 1A5 3 1E4 had a lower proportion of long-distance (.50-kb) recombination events compared to the cross 3D1 3 3D7. Unknown recombination modifiers could be responsible for differences in crossover rates between crosses.
Low recombination rates and noncanonical meiosis on accessory chromosomes
We found that the frequency of reciprocal recombination (or crossover) per chromosome was positively correlated with chromosomal length. However, the recombination rate expressed per megabase was higher for smaller core chromosomes. The inverse relationship between recombination rate and chromosomal length is well established in S. cerevisiae (Mortimer et al. 1989; Cherry et al. 1997; Kaback et al. 1999) . Crossover counts per chromosome reached 0.94-1.14 for the smallest core chromosomes. The occurrence of at least one crossover event per chromosome and meiosis promotes proper homologous segregation (Mather 1938; Hassold and Hunt 2001) . Nondisjunction of chromosomes leads to aneuploidy (Baker et al. 1976) . We found that some Z. tritici accessory chromosomes had unusually low crossover rates: approximately half the progeny of the cross 3D1 3 3D7 showed no crossovers, and in the cross 1A5 3 1E4, per-progeny crossover counts ranged from 0.15 to 0.45 per chromosome. Failure to undergo crossovers may contribute to frequent nondisjunction of particular accessory chromosomes (Wittenberg et al. 2009; Croll et al. 2013) . Accessory chromosomes were frequently found to be lost or disomic following meiosis, indicative of nondisjunction (Wittenberg et al. 2009; Croll et al. 2013) .
Lower than expected recombination rates (in cM/Mb) on some accessory chromosomes are expected to lead to substantial linkage disequilibrium among genetic variants in a population. The purging of deleterious mutations critically depends on sufficient recombination between loci. Therefore, some accessory chromosomes may be subject to more rapid mutation accumulation and decay. Reduced levels of gene density and shorter transcript lengths (Goodwin et al. 2011) may be indicative of a degeneration process operating on accessory chromosomes. Degeneration and rearrangements, in turn, may lead to further recombination suppression-a process similar to the one observed in sex chromosome evolution. Figure 4 Recombination rate variations in relation to telomere distance. Recombination rates were calculated in nonoverlapping 10-kb segments for core chromosomes. Recombination rates then were summarized into 5% bins representing the relative distance to the telomere end. The box plot shows the median recombination rate (horizontal bar), the 25 and 75% quartiles as a solid box, and the 5 and 95% quantiles as vertical lines. Recombination rates were highest in both crosses for subtelomeric distances of 10-15% of the chromosome length. Core chromosomes vary from 1.19 to 6.09 Mb in length.
Recombination rate heterogeneity and hotspots
Recombination rates were highly heterogeneous along chromosomes. A large fraction of all crossover events was restricted to narrow chromosomal bands or hotspots of recombination. In the strongest hotspots, 18.5% of all progeny showed a crossover event within a 10-kb region. Recombination rates tended to be highest in subtelomeric regions of the chromosomes. Increased recombination rates in the chromosomal periphery were widely reported in animals (see, e.g., Backström et al. 2010; Bradley et al. 2011; Auton et al. 2012; Roesti et al. 2013 ) and plants (see, e.g., Akhunov et al. 2003; Anderson et al. 2003) . In fungi, hotspot associations with subtelomeric regions were found in C. cinereus and S. cerevisiae (Barton et al. 2008; Stajich et al. 2010) . Peripheral clustering of chromosomes (bouquet formation) during prophase I of meiosis is thought to favor proper homologous pairing and, by this process, to promote crossovers (Brown et al. 2005; Naranjo and Corredor 2008) .
Recombination hotspots showed no strong difference in GC content or coding sequence density compared to the genomic background. However, associations of GC content and recombination rates are ubiquitous in eukaryotes (Gerton et al. 2000; Jensen-Seaman et al. 2004; Duret and Arndt 2008; Backström et al. 2010; Muyle et al. 2011; Auton et al. 2012) . In S. cerevisiae, experimentally introduced GC-rich regions generate novel recombination hotspots (Wu and Lichten 1995) . Hotspots in Z. tritici were enriched in G/C mononucleotide repeats compared to the genomic background. Similarly, S. cerevisiae hotspots were found to be enriched in 20-to 41-bp poly(A) stretches (Mancera et al. 2008) . Z. tritici hotspots were in regions of higher diversity between the parental genomes compared to the genomic background. A potential explanation is that if hotspot locations persist over many generations, frequent gene conversion events may cause a higher mutation rate in hotspots and, hence, higher sequence diversity (Hurles 2005) . Reduced diversity in regions of low recombination rates is well supported both by theory and by empirical data (Begun and Aquadro 1992; Nachman 2002; Cutter and Payseur 2013) .
Divergent hotspot locations within a species
Hotspots are thought to be ephemeral in genomes because of their inherent self-destructive properties. A crossover is initiated by a double-strand break on one chromosome. The homologous chromosome serves as a template to repair the crossover initiator sequence. Therefore, the conversion process continually replaces any allele that favors increased recombination with its homolog. Studies of humans and chimpanzees showed that hotspot locations are rarely conserved, consistent with rapid turnover (Coop and Myers 2007; Auton et al. 2012) . In contrast, hotspots were frequently conserved among a pair of divergent Saccharomyces species (Tsai et al. 2010) . The unexpected conservation was attributed to the low frequency of sex, reducing the opportunity for biased gene conversion to erode hotspots. Z. tritici undergoes sexual reproduction very frequently (Zhan et al. 2002) . Hotspot locations were only partially conserved (27-46%) between the two crosses established from isolates of the same regional population. A lack of overlap in hotspot locations may be due to the fact that not all hotspot locations were used during specific rounds of meiosis. However, each of the two analyzed crosses contained a large number of individual meiosis events reflecting the large number of analyzed ascospore progeny. Hence, stochastic variations in hotspot occupancies should be minimal.
Functional enrichment of genes in recombination hotspots
Plant pathogenic fungi rely on secretion to deliver effectors and toxins into the host, and genes encoding short secreted polypeptides were found to evolve very rapidly in pathogen genomes (Raffaele et al. 2010; Petre and Kamoun 2014) . Recombination hotspots in Z. tritici were enriched in genes encoding secreted proteins. This may indicate that the localization of these genes in hotspots was favored by selection. We also screened hotspots in both crosses for the presence of candidate effector genes likely to play a role in pathogenesis (Table 4) . Hotspots overlapping in both crosses contained genes encoding small, cysteine-rich secreted proteins. This Figure 5 Differences in gene density and sequence diversity in the recombination hotspots and nonhotspots of the crosses 3D1 3 3D7 and 1A5 3 1E4. For both panels, the box plots show the median of the distribution (horizontal bar), the 25 and 75% quartiles as a solid box, and the 5 and 95% quantiles as vertical lines. (A) Differences in coding sequence density between hotspot segments (each 10 kb) and segments of the genomic background (nonhotspots) divided into 10-kb segments. (B) Differences in diversity between the two parental genomes (% SNP) assessed for hotspot segments (each 10 kb) and segments of the genomic background (nonhotspots) divided into 10-kb segments.
gene category was found to be upregulated during host infection, and gene products likely modulate the host resistance response (Morais do Amaral et al. 2012; Mirzadi Gohari et al. 2014) . Two cell wall degrading enzymes (MgCUT4 and MgXYL4) were specifically upregulated during host infection and showed evidence for selection in the pathogen population (Brunner et al. 2013) . However, MgCUT4 and MgXYL4 were located in hotspots exclusive to the 3D1 3 3D7 cross, suggesting that associations of virulence genes and hotspots may be ephemeral over evolutionary time.
Consequences of recombination hotspots for genome evolution of pathogens
Regions of the genome with high recombination rates showed significantly lower levels of linkage disequilibrium in the natural population. This suggests that the effects of demography, periods of clonal reproduction, and selection were insufficient to affect the inverse relationship between recombination rates and linkage disequilibrium in the population. An emerging paradigm in the study of pathogenic organisms is that the genome organization reflects the intense selection pressure Figure 6 The top enriched oligonucleotide motifs that were identified by a de novo motif search in the recombination hotspots of the crosses 3D1 3 3D7 and 1A5 3 1E4. The enrichment of sequence motifs in recombination hotspots was tested using a hypergeometric test. The genomic background was segmented and binned according to GC content. Enrichment tests were performed using weighted background sequences reflecting the GC content distribution found in hotspots. Weighting background sequences avoided spurious enrichments as a result of differences in GC content between the genomic background and hotspots. Functional predictions and population genetic analyses of cell wall degrading enzymes and small secreted proteins are summarized where available (Goodwin et al. 2011; Morais do Amaral et al. 2012; Brunner et al. 2013) faced by pathogens (Croll and McDonald 2012; Raffaele and Kamoun 2012) . The observed genome compartmentalization was termed the two-speed genome (Raffaele et al. 2010) . The genome of the causative agent of the Irish potato famine, the oomycete Phytophthora infestans, contains fast-evolving, repeatrich compartments hosting an abundance of pathogenicity genes (Raffaele et al. 2010) . In contrast, genes encoding essential functions are preferentially located in GC-rich genedense compartments. However, the enrichment of effector genes in repeat-rich regions is not universal among pathogens. Many pathogen genomes are neither repeat rich nor contain large tracts of low GC content. Our findings in Z. tritici suggest that genome organization can evolve to compartmentalize gene functions correlated with variations in recombination rates. Recombination hotspots may constitute a previously unrecognized genomic compartment that favors the emergence of fast-evolving virulence genes in pathogens.
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Resequencing data of field isolates from the same regional population as the parents were used to calculate linkage disequilbria (r 2 ). For this, whole-genome sequencing data were analyzed for SNPs segregating at identical positions in the genome as in the SNP data set generated for the two crosses. Different symbols are used to show data points from core and accessory chromosomes. Figure S3: Accessory chromosomes showed large non-recombining segments (in red) in both cross 3D1x3D7 and 1A5x1E4. Recombination fractions were calculated among all marker pairs per chromosome. Interpolation was used to report recombination fractions in a regular grid spanning the chromosome. Large red blocks indicate regions of low recombination rates. Green or blue blocks near the diagonal indicate the presence of a recombination hotspot (see Figure 1 ). White areas in the upper triangles show regions of the chromosomes that were not sufficiently covered by SNP markers to interpolate recombination fractions. Recombination fraction Figure S4 : Heterogeneity in recombination rates along chromosomes. We tested whether crossovers were nonrandomly distributed along chromosomes. For this, we compared observed and expected crossover counts for both crosses and at two different scales. Crossover counts in 200 kb segments were strongly bimodal and showed a skew towards zero counts and counts ranging from 18-70. Crossover counts in 10 kb segments showed a much stronger skew towards zero counts compared to 200 kb segments as expected. In order to test whether the observed distributions were significantly non-random (i.e. not following a Poisson distribution), we generated the expected distributions with a lambda equaling the mean crossover count per segment. We used a Chi-square goodness-of-fit test to assess whether the observed distribution of crossover counts deviated significantly from the expected Poisson distribution. We retained the binning of crossover counts as shown in the figure to avoid low count data in the contingency tables. Binning of crossover counts is conservative with regard to rejecting the null hypothesis of a Poisson distribution. We found that crossovers were non-randomly distributed in both crosses and for both scales of crossover counts. Cross 3D1x3D7 and 200 kb segments: Chi-square = 771.3, df = 19, p -value < 10e-10. Cross 3D1x3D7 and 10 kb segments: Chi-square = 2956.5, df = 5, p -value < 10e-10. Cross 1A5x1E4 and 200 kb segments: Chi-square = 938.9, df = 19, p -value < 10e-10. Cross 1A5x1E4 and 10 kb segments: Chi-square = 2246.8, df = 5, p -value < 10e-10. Figure S5 : Recombination rate variations in relation to telomere distance. Recombination rates were calculated in non-overlapping 10 kb segments for core chromosomes 1-12 separately. Recombination rates were then summarized into 5% bins representing the relative distance to the telomere end. The boxplot shows the median recombination rate (horizontal bar), the 25% and 75% quartiles as a solid box and the 5% and 95% quantiles as vertical lines. Recombination rates were highest in both crosses for subtelomeric distances of 10-15% of the chromosome length. Distance to closest telomere (% chromosome length)
GENETICS
Chromosomes Figure S6 : Variation in recombination rates in relation to GC content for cross 1A5x1E4. Recombination rates were estimated in non-overlapping 20 kb sequence segments. The % GC content of each of the 20 kb sequence segments was used to correlate recombination rates and GC content. Panels distinguish correlations for core and accessory chromosomes. The highest recombination rates were observed in high GC-content segments. Spearman's rank correlation rho = 0.324 and p-value < 2.2e-16. Recombination rate (cM / Mb)
Number of 20 kb segments Table S1 Recombination rate heterogeneity tests for each chromosome of cross 3D1x3D7 and 1A5x1E4. We tested whether crossovers were non-randomly distributed along chromosomes (assessed in 50 kb segments). For this, we compared observed and expected crossover counts for both crosses. We generated the expected distributions with a lambda equaling the mean crossover count per segment. We used a Chi-square goodness-of-fit test to assess whether the observed distribution of crossover counts deviated significantly from the expected Poisson distribution. We binned crossover counts per segment into the following categories to avoid low count data in the contingency tables: 0, 1, 2, 3, 4, 5-40. Binning of crossover counts is conservative with regard to rejecting the null hypothesis of a Poisson distribution. Dashes indicate missing chromosomes in the crosses (with the exception of chromosome 13; see Results). Asterisks indicate chromosomes for which the contingency table contained zero counts and we hence refrained from reporting the Chi-square statistics.
Cross 3D1x3D7 Cross 1A5x1E4
Chromosome Recombination hotspots were defined as non-overlapping 10 kb sequence segments in which 10 or more crossovers were identified in the progeny population. The rate of exchange was calculated as the percentage of progeny showing a crossover in a hotspot. The total number of progeny was 214.
